Little is known about cyclic AMP (cAMP) function in Mycobacterium tuberculosis, despite its ability to encode 15 adenylate cyclases and 10 cNMP-binding proteins. M. tuberculosis Rv3676, which we have designated CRP Mt , is predicted to be a cAMP-dependent transcription factor. In this study, we characterized CRP Mt 's interactions with DNA and cAMP, using experimental and computational approaches. We used Gibbs sampling to define a CRP Mt Tuberculosis (TB) remains a serious global health problem that is growing at an estimated rate of 3% per year (49). This TB epidemic is exacerbated by an unexplained synergy with human immunodeficiency virus and steadily increasing rates of drug resistance that are a by-product of lengthy treatment regimens (15, 20) . A better understanding of Mycobacterium tuberculosis biology is needed to improve treatment and develop a more effective vaccine. A key area of interest is how M. tuberculosis senses and responds to the environments it encounters during host infection.
Tuberculosis (TB) remains a serious global health problem that is growing at an estimated rate of 3% per year (49) . This TB epidemic is exacerbated by an unexplained synergy with human immunodeficiency virus and steadily increasing rates of drug resistance that are a by-product of lengthy treatment regimens (15, 20) . A better understanding of Mycobacterium tuberculosis biology is needed to improve treatment and develop a more effective vaccine. A key area of interest is how M. tuberculosis senses and responds to the environments it encounters during host infection.
Cyclic AMP (cAMP) is a critical signaling molecule in many bacterial and eukaryotic cells. The role of cAMP signal transduction in mediating catabolite repression has been well characterized in Escherichia coli, and this forms the paradigm for cAMP-mediated gene regulation in prokaryotes (7, 10, 11, 16, 33, 36) . A class I adenylate cyclase (AC) in E. coli catalyzes the synthesis of cAMP, which then transduces the signal by binding cAMP receptor protein (CRP) and activating it as a transcription factor (18) . cAMP signaling is also critical for virulence in a diverse range of pathogens, including yeast, fungi, bacteria, and parasites (3, 12, 19, 25, 37, 38, 42, 50, 70) . In some cases, cAMP regulates virulence genes within the pathogen (3, 38, 42) . For example, CRP-cAMP signaling is essential for virulence in Salmonella enterica serovar Typhimurium (17) and has recently been shown to control virulence-associated type III secretion systems in Pseudomonas aeruginosa and Yersinia enterocolitica (50, 70) .
The M. tuberculosis genome contains 15 putative class III adenylate cyclase genes (46) . The activity of at least 10 of these cyclases has been confirmed with biochemical assays (13, 26, 40, 41, 61, 64) , making it likely that cAMP contributes substantially to signal transduction in M. tuberculosis. We recently identified the first cAMP-regulated genes in M. tuberculosis by using an exogenous cAMP culture model (24) . Some of these genes are upregulated during intracellular growth in macrophages (29) , suggesting that cAMP signaling may be important to M. tuberculosis during its interaction with the host. This observation is intriguing in light of a previous study that reported elevated levels of cAMP in macrophages that showed an impairment of phagosome-lysosome fusion upon infection with Mycobacterium microti (44) .
The mechanism of cAMP-mediated gene regulation in M. tuberculosis has not been explored. We previously reported that the M. tuberculosis Rv3676 protein belongs to a superfamily of proteins that contain both cAMP binding and helix-turnhelix (HTH) DNA binding motifs (46) , and we hypothesized that the Rv3676 protein is a CRP-like transcriptional regulator in M. tuberculosis. For this study, we used experimental and computational approaches to define Rv3676's DNA binding sequence and characterize its interactions with DNA and cAMP. We designated the M. tuberculosis Rv3676 gene crp and the encoded protein CRP Mt , based on the results. We also identified 114 members of a putative CRP Mt regulon, implicating CRP Mt as a biologically relevant global regulator of transcription in M. tuberculosis.
MATERIALS AND METHODS
Expression and purification of CRP Mt . crp was PCR amplified from M. tuberculosis H37Rv using primers KM977 (5Ј-GGAATTCGACGAGATCCTGGC CAGGGC) and KM963 (5Ј-AAGCTTGCGTGCGACTCTGTGTCTGC) with EcoRI and HindIII restriction sites (underlined). The amplified DNA fragment was cloned into pET28aϩ (Novagen) using the EcoRI and HindIII sites to generate pMBC372, verified by sequencing, and maintained in E. coli BL21(DE3). CRP Mt expression was induced from a bacterial culture (optical density at 600 nm, 0.6) with 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) for 3 h and confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot analysis using an anti-His6 monoclonal antibody (Clontech). For purification, a 200-ml culture was pelleted and resuspended in 1 ml lysis buffer containing 50 mM Tris-HCl (pH 8.0), 50 mM NaCl, 1 mM dithiothreitol, and 1% protease inhibitor cocktail (Sigma). Bacteria were lysed by two freeze-thaw cycles (Ϫ70°C-37°C) and sonication for 5 min, followed by two additional freeze-thaw cycles, and the lysate was cleared by centrifugation at 13,000 ϫ g for 10 min. CRP Mt was purified using a Hitrap affinity column (Amersham Biosciences) per the manufacturer's instructions, and the eluted protein was dialyzed against phosphate-buffered saline with 10% glycerol. The protein concentration was measured with a NanoOrange protein quantitation kit (Molecular Probes) and diluted to 2 mg/ml before being stored in aliquots at Ϫ70°C. Systematic evolution of ligands by exponential enrichment (SELEX)-based capture of CRP Mt -binding ligand DNA. Mycobacterium bovis BCG genomic DNA was digested to completion with Sau3AI and ligated to a linker sequence (5ЈCGA ATTCAGGAAACAGCTATGTTAATTAA3Ј) prepared with a Sau3AI-compatible sticky end. A crude extract from 100 ml of His-CRP Mt -expressing culture was applied to 100 l His Mag agarose beads (Novagen), which were then washed and equilibrated with DNA binding buffer [10 mM Tris-HCl (pH 8.0), 50 mM KCl, 1 mM EDTA, 50 g/ml bovine serum albumin, 1 mM dithiothreitol, 0.05% nonionic P-40 detergent, 100 M cAMP, 20 g/ml poly(dI-dC), and 10% glycerol] per the manufacturer's directions. Five micrograms of DNA fragments in 100 l of DNA binding buffer was added to the CRP Mt -bound beads for 15 min at room temperature. The beads were washed three times to remove nonspecific DNA before eluting CRP Mt -DNA complexes in a volume of 100 l. Ten microliters of this eluted protein was heated for 10 min at 95°C and used as a template for PCR with primer KM1040 (5Ј-CGAATTCAGGAAACAGCTATG). The resulting DNA product was cloned into the TA vector (Invitrogen). Individual E. coli DH5␣ transformants were picked into Luria broth containing 25 g/ml kanamycin, grown overnight, and then used as templates for PCRs with primer KM1040 to amplify the captured insert fragments. PCR products of 200 to 300 bp were selected for further electrophoretic mobility shift assay (EMSA) analysis. The purity of the protein used for capturing DNA was also evaluated by SDS-PAGE.
EMSA. A 33 P-end-labeled DNA probe (0.05 pmol) was used in each 10-l binding reaction mixture as described by others (60), with modifications. Briefly, purified His-CRP Mt (at specified concentrations) and DNA probes were incubated for 30 min at room temperature in DNA binding buffer prior to electrophoresis on a nondenaturing 8% polyacrylamide gel for 2 to 3 h at 14 V/cm in 0.5ϫ Tris-borate-EDTA. A 200-to 500-fold excess of unlabeled DNA fragments was used for competition experiments. Gels were vacuum dried, exposed on a phosphor screen, scanned with a Storm 860 PhosphorImager (Molecular Dynamics), and analyzed with ImageQuant software.
Additional assays. The effects of cAMP on CRP Mt conformation were examined by treating 5 g of CRP Mt with 0.2 or 1 g trypsin (Sigma) for 10 min at 37°C, as described by others (35) . Half of the digested protein was assayed in a 15% SDS-PAGE gel, and a portion of the remainder was diluted for use in EMSA.
For DNA-bending experiments, five 156-bp DNA fragments were PCR amplified from different locations within the Rv0884c-Rv0885 intergenic region. Sequence analysis. We identified the set of promoter-containing regions in the M. tuberculosis genome as those sequences that were upstream of a gene and contained at least 20 bp of intergenic sequence, as defined by M. tuberculosis H37Rv annotation (GenBank accession no. NC_000962.1) (14) . This set of M. tuberculosis intergenic promoter regions consists of 2,066 sequences, totaling 346,025 bp of searchable sequence after masking a 43-bp repeat sequence.
Regulatory motifs were predicted using the Gibbs sampler (67) . For applications to subsets of intergenic sequences or DNA fragments from CRP Mt trap experiments, where most sequences were believed to contain a common pattern, the Gibbs recursive sampler was used with the following parameters: either one or two motif models were specified, where each model was 16 bp allowed to fragment to 24 bp and allowed to choose an even-or odd-width palindromic model, based on the sequence evidence; a position-specific background model (43) was incorporated; uninformed priors (i.e., no prior information on the motif models) were used; a maximum of two sites per sequence was allowed; and run parameters consisted of 5,000 iterations with a plateau period of 500 iterations and reinitializing 50 times using a random seed. For applications to the genomescale data set, the Gibbs motif sampler was used with the following parameters: the motif model was 16 bp allowed to fragment to 24 bp and allowed to choose an even-or odd-width palindromic model, a position-specific background model (43) was incorporated, prior information was specified by providing a motif model and was weighted to provide three to five pseudocounts per motif position, the estimated number of sites was 50, and run parameters were as described above. The two motif models used as prior information were (i) an alignment of 87 experimentally verified (DNase I footprinted) E. coli CRP binding sites, weighted to provide five pseudocounts per motif position; and (ii) an alignment of putative CRP Mt binding sites from the M. tuberculosis genome, weighted to provide either three, four, or five pseudocounts per motif position.
RESULTS
Identification of CRP Mt binding sites. Experimental and computational approaches were combined to identify CRP Mt binding sites. One hundred sixty-six M. bovis BCG genomic DNA fragments were captured using a SELEX-based technique and then screened by EMSA with purified CRP Mt , as described in Materials and Methods. Five of these DNA fragments showed obvious mobility retardation in the presence of CRP Mt (data not shown). These DNA sequences were analyzed using the Gibbs sampler (see Materials and Methods), and a common sequence pattern consistent with the E. coli CRP motif model was identified in all five DNA fragments (Table 1 ; Fig. 1A ).
Binding of CRP Mt to the predicted sites within the recovered 1B5 and 2D3 DNA fragments (Table 1 ) was confirmed by EMSA. A 40-bp intergenic DNA fragment upstream of Rv1624c was used as a nonspecific control. The presence of CRP Mt retarded, in a dose-dependent manner, the migration of 28-bp synthetic oligonucleotides containing the predicted DNA binding site of either 1B5 or 2D3 ( Fig. 2A) . The reappearance of the free probes in the presence of a 500-fold excess of unlabeled probe DNA confirmed the specificity of these CRP Mt -DNA interactions ( Fig. 2A) . In addition, binding of the 2D3 probe could be competed with an unlabeled 2D3 or 1B5 oligonucleotide, but not by the same concentration of the nonspecific DNA control (Fig. 2B) .
Together, these results indicate that specific CRP Mt binding sites are contained within the 28-bp oligonucleotides and that the same protein domain was responsible for CRP Mt binding to both 1B5 and 2D3 DNA. However, only two of the predicted binding sites in the SELEX-trapped fragments are within annotated intergenic regions, so we pursued additional computational analyses to refine the CRP Mt binding motif and identify potential regulon members.
An alignment of the helix-turn-helix regions of CRP Mt and a Sites detected by Gibbs sampling in each clone are shown in capital letters; the underlined sequence for clone 1D1 is from the DNA linker.
b M. tuberculosis (entry NC_000962.1) genome coordinates of the aligned sites (capital letters). The locations of these regions with respect to annotated protein coding regions or noncoding regions are indicated by "(cr)"and "(nc),"respectively.
E. coli CRP and fumarate nitrate reductase regulator (FNR) (Pfam 17.0, PF00325) (4) showed several conserved amino acids in the DNA recognition helix (Fig. 3) . We also found using EMSA that CRP Mt could bind the CRP binding site in the E. coli lac promoter (5Ј-TAATGTGAGTTAGCTCACTC AT-3Ј), but not the FNR binding site in the E. coli ndh1 promoter (5Ј-AAACTTGATTAACATCAATTTT-3Ј) (data not shown). These observations were consistent with our identification of a CRP-like pattern for the CRP Mt SELEX DNA fragments and suggested that information on the E. coli CRP binding motif could be used to predict the CRP Mt binding motif.
We used the Gibbs motif sampler (see Materials and Methods) with prior information on the E. coli CRP motif model (Fig. 1A) to detect a putative CRP Mt binding motif in the intergenic regions of the M. tuberculosis genome. We initially identified a subset of 29 M. tuberculosis intergenic regions that contained CRP-like sites in at least 3 of 20 independent Gibbs sampling runs. The Gibbs recursive sampler was then used to detect a motif model de novo (i.e., without prior information) for this set of 29 intergenic regions. This preliminary CRP Mt model was then used as prior information to analyze the intergenic regions of the M. tuberculosis genome again (see Materials and Methods). These analyses provided a set of 55 M. tuberculosis intergenic regions that contained a site in at least 1 of 30 independent Gibbs sampling runs, and the Gibbs recursive sampler was used to detect a motif model de novo for these 55 sequences (Fig. 1B) .
The resulting motif model consists of 58 sites from the 55 input sequences and resembles the central core of the E. coli CRP binding motif, with a palindrome of two 5-bp half-sites separated by a 6-bp spacer ( Fig. 2B ; Table 2 ). Several of these 55 intergenic regions are positioned between divergently transcribed genes, such that a total of 73 genes are immediately flanking and downstream of these intergenic regions. Furthermore, several of these genes are likely to be the first gene of a polycistronic operon, suggesting that the 55 intergenic regions contain promoters that regulate the expression of ϳ114 genes. These regulon candidates include genes reported to be starvation (34 genes) or hypoxia (16 genes) regulated, members of the PE and PPE families (10 genes), or essential for M. tuberculosis growth in culture medium (9 genes) (5, 8, 57, 62) . The remaining 55 genes are mostly uncharacterized.
CRP Mt binding to computationally predicted sites within the M. tuberculosis genome. Two of the 58 sites that were computationally predicted in the M. tuberculosis genome (Table 2) , including a "good" site and a "poor" site, were Table 2 ) from the set of intergenic regions from the M. tuberculosis genome. Sequence logos depict the relative frequency of each base at each position of the motif. The y axis indicates the information content measured in bits, and error bars represent standard deviations at each position due to the limited sample size (58 examined for CRP Mt binding. The good site in the Rv0884c-Rv0885 intergenic region was selected because of its reproducibility. This site was consistently sampled (frequency, 1.00) during 5,000 Gibbs sampling iterations and had a high probability (1.00) of belonging to the CRP Mt motif model (Fig. 1B) . In contrast, the poor site upstream of Rv1230c was sampled much less frequently (0.66) and had a relatively low probability (0.47) of belonging to the model, making it the weakest of the putative regulon members. Both sites were capable of binding to CRP Mt when tested by EMSA as 20-bp DNA probes, although the Rv0884c-Rv0885 site bound CRP Mt more efficiently (Fig. 4) . Substitution of highly conserved nucleotides in CRP Mtbinding DNA motif. Contact between CRP and specific nucleotides within the DNA binding site is crucial for CRP-DNA interactions (30), and we reasoned that this might also be true for CRP Mt . We used the sequence of the Rv0884c-Rv0885 site to examine the specificity of CRP Mt binding when the strongly conserved nucleotides at positions 4 and 17 (Fig. 1B) were altered. Native and modified sites within 20-bp oligonucleotides and a 250-bp DNA fragment encompassing the entire Rv0884c-Rv0885 intergenic region were labeled and subjected to EMSA with CRP Mt .
A complete loss of binding to CRP Mt occurred with modified probes that contained either a G-to-C change at position 4 or a C-to-G substitution at position 17 (Fig. 5A) . These modified DNA probes also failed to compete CRP Mt binding to either the 20-bp native site probe (Fig. 5A) or the 250-bp intergenic DNA probe (Fig. 5B) . These results indicate that in the context of the Rv0884c-Rv0885 site, these bases are essential for specific binding by CRP Mt , and suggest that the highly conserved G4 and C17 positions in the motif model reflect the importance of these positions for CRP Mt -DNA interactions.
Evidence for allosteric alteration of CRP Mt upon cAMP binding. cAMP binding to CRP induces conformational changes that affect CRP's ability to interact specifically with DNA, resulting in cAMP-CRP-mediated gene regulation in E. coli (33) . In this study, we used several approaches to test the ability of CRP Mt to bind cAMP and to examine the effect of cAMP on CRP Mt 's DNA binding ability. The effect of the cAMP concentration on the CRP Mt -DNA interaction was first measured by EMSA, using cAMP levels from 1 to 100 M in the binding reaction buffer. The affinity of the protein-DNA complex was highest with 100 M of cAMP (Fig. 6A) .
Complex formation was further examined with several additional probes in the presence or absence of 100 M cAMP. CRP Mt bound approximately twofold more efficiently to each of the DNA probes in the presence of 100 M cAMP than in its absence ( Fig. 6B and C) . Similar results were obtained when 100 M cAMP was also added to the gel and running buffer (data not shown). These results indicate that cAMP improves the binding of CRP Mt to specific DNA sequences but is not absolutely required with any of the probes we tested.
CRP loses DNA binding activity after limited proteolysis with trypsin in the presence, but not the absence, of cAMP (35) . This is due to the conformational change induced in CRP upon cAMP binding. We examined the effect of cAMP on CRP Mt 's conformation by using limited proteolysis of CRP Mt with trypsin. Surprisingly, SDS-PAGE analysis of trypsin-digested samples showed less proteolysis in the presence of 100 M cAMP than in the absence of cAMP (Fig. 7A) . In particular, a large protein fragment was retained in the presence of cAMP that was missing when digestion was performed without cAMP. The addition of AMP had no protective effect, confirming the specificity of this effect for cAMP.
On a functional level, trypsin digestion of CRP Mt in the absence of cAMP nearly abolished its ability to bind the Rv0884c probes (Fig. 7B) . However, CRP Mt 's DNA binding ability was partially protected when 100 M cAMP was present during the digestion procedure. Together, these results indicated that the conformation of CRP Mt was altered in the presence of cAMP, resulting in an increased resistance of CRP Mt to trypsin cleavage and partial protection of its DNA binding domain.
DNA bending by CRP Mt . The binding of CRP to specific DNA sequences induces a sharp bend in the DNA (59, 71) . This induced DNA bending is an integral part of the mechanism by which CRP activates gene transcription (37, 39) . Bent DNA fragments, including those bound by CRP, typically display lower electrophoretic mobilities when the bend occurs near the center of the DNA molecule (34) . We used Rv0884c-Rv0885 intergenic DNA sequences containing the CRP Mt binding site to test the possibility that CRP Mt binding causes DNA bending. Five identically sized (156-bp) DNA fragments were PCR amplified from overlapping regions of the Rv0884c-Rv0885 intergenic sequence, placing the motif at different positions relative to the center of each DNA molecule (Fig. 8A) . The mobilities of the DNA fragments were compared by EMSA with CRP Mt .
The mobilities of all five labeled DNA fragments were quite similar in the absence of CRP Mt (Fig. 8B) . In contrast, the mobility of the DNA-protein complexes was affected by the position of the motif within the fragment. Complexes formed with F3, in which the motif is centrally located, had the slowest mobility, while F1 and F5 complexes, which contain a motif within 6 bp of an end of the fragment, migrated the fastest. The mobility retardation of the complexes formed with F2 or F4 was intermediate, consistent with the location of their binding sites midway between the middle and end of each fragment (Fig. 8) . These results indicated that CRP Mt binding caused DNA bending and are consistent with CRP Mt being a CRP-like gene regulatory factor. 
DISCUSSION
Combination of genomic SELEX and Gibbs sampler for identifying DNA binding sites. The identification of regulons and their cognate regulatory factors is one of the major challenges of the current genomic era. This study shows the power of combining experimental and computational approaches. SELEX has been successfully used on a genome-wide scale to identify transcription factors and their cognate binding sites in a variety of organisms (22, 32, 51, 55, 63, 68) . However, a limitation of SELEX is that its tendency to bias towards the strongest binding sequences can reduce the diversity of the DNA sequences that are recovered. Although our SELEX studies provided a critical experimental foundation early on in this investigation, these results alone were not sufficient for making genome-scale predictions about CRP Mt regulon membership. The computational approach was essential for extending the DNA binding data to make regulon predictions.
Computational methods designed to detect matches to a consensus sequence or motif model suffer from poor specificity or poor sensitivity (or both) and thus are of limited use when searching genome-scale sequence data. Therefore, we employed a sequence alignment (i.e., motif discovery) algorithm, Gibbs sampling, to predict CRP Mt binding sites in the M. tuberculosis genome. Gibbs sampling has been widely used to detect transcription factor binding sites and their motif models when the model is not known beforehand, where the sequence data analyzed are typically from coregulated or coexpressed genes from a single species (21) or from the promoter regions of a single gene from several closely related species (i.e., phylogenetic footprinting) (45, 47) . We took a novel approach in the advanced application of Gibbs sampling described here, using this motif prediction algorithm to detect a single regulon in genome-scale data in the absence of gene expression information, i.e., to detect a single, relatively rare, sequence pattern in nearly 350,000 bp of intergenic sequence data, using Bayesian prior information on an E. coli motif.
Given the size of the sequence search space and the stochastic nature of Gibbs sampling, we do not expect to have completely delineated the CRP Mt regulon. For example, the electrophoretic mobility of the relatively low-probability Rv1230c binding-site probe was obviously retarded in the presence of CRP Mt (Fig. 4C) , suggesting that additional binding sites remain to be discovered. It is also important that the EMSA experiments were performed in vitro with purified protein and DNA and that additional cofactors and/or competing paralogs could alter CRP Mt 's behavior in vivo. Future in vivo expression-based studies are expected to refine and extend these predictions in a biological context. The identification of several additional CRP Mt regulon candidates from a recent expression-based study is consistent with this prediction (54) .
It remains possible that the predicted regulon represents a mixture of binding sites for paralogous transcription factors, but we think this is unlikely based on our experimental results. For example, such a Gibbs sampling approach with the E. coli genome might detect a mixed model containing CRP and FNR sites. However, all of the predicted DNA sites that we tested bound specifically to CRP Mt , and CRP Mt was able to readily In addition, the genome sequence of M. tuberculosis H37Rv encodes relatively few transcription factors that are likely to cause the type of mixed-model regulon predictions described above. Specifically, there are only three predicted transcription factors with putative CRP/FNR-family HTH regions (Rv3676, Rv1675c, and Rv1719). Two of these proteins (Rv3676 and Rv1675c) are likely paralogs with similar domain structures (cAMP-binding domain followed by an HTH domain), whereas the third (Rv1719) contains an N-terminal HTH domain followed by an IclR-type effector binding domain (Pfam PF01614) (4). This information and our unique Gibbs sampling approach provide a foundation for generating testable hypotheses to address such issues in future studies. Putative CRP Mt regulon membership in M. tuberculosis. The putative CRP Mt regulon is consistent with the size of the CRP regulon, which contains Ͼ100 experimentally verified and newly predicted genes (9, 33, 66, 72) . Despite the resemblance of CRP Mt and CRP binding motif models (Fig. 2) , there does not appear to be a correspondence in regulon membership. The two largest groups of genes in the predicted CRP Mt regulon are both associated with in vitro dormancy models, including 14% which are linked to hypoxia (62) and 30% from a nutrient starvation model (5) . crp is upregulated in this starvation model (5) , suggesting that CRP Mt may be important for regulating this starvation response. However, it is difficult to predict a specific role for CRP Mt in M. tuberculosis latency from these data. Both previous studies reported large numbers of genes, and the proportional representation of each group in our study is similar to the proportions of these genes in the overall genome. Nonetheless, future studies on the possible role of CRP Mt in latency are clearly warranted.
Another gene of interest in the predicted regulon is Rv0805, which is annotated as a homolog of E. coli cpdA, encoding a 3Ј,5Ј-cyclic-nucleotide phosphodiesterase (http://genolist.pasteur .fr/TubercuList/). Rv0805 contains a strong CRP Mt motif in its upstream intergenic region and is a putative member of our CRP Mt regulon. This suggests a role for CRP Mt in the regulation of cAMP levels within the cell, and we are currently exploring this possibility.
Recently, Spreadbury et al. proposed 15 genes as potential Rv3676 regulon candidates, although Rv3676 binding sites were not specified. Only Rv0867c (rpfA) and Rv1552 ( frdA) are predicted by both their study and the present study to be members of the putative CRP Mt regulon (65) . The regulation of rpfA by CRP Mt has also recently been experimentally confirmed (54) . While both studies made use of information from the E. coli CRP regulon, differences between studies in the approaches used for regulon prediction could account for this limited overlap. In particular, we restricted our regulon predictions by searching for putative binding sites only within intergenic regions upstream of annotated open reading frames because we expect that these sequences are most likely to be involved in transcriptional regulation. In addition, our search was genome-wide, that is, not restricted by putative gene function, because we expect that regulon membership has likely diverged between these two very distantly related bacterial species.
Functional comparison of CRP Mt with CRP. In E. coli, activation of the lac promoter involves the binding of cAMP-CRP to its cognate site, which induces DNA bending that facilitates direct contact between CRP and RNA polymerase (23, 31, 53 ). An amino acid sequence alignment has shown that the cAMP binding (46) and DNA binding (Fig. 1 ) contact residues found in CRP are conserved in CRP Mt . Our results experimentally confirm CRP Mt 's interactions with both cAMP and DNA, including a cAMP-induced conformational change and an ability to bend DNA upon binding. Although CRP Mt undergoes a conformational change in the presence of cAMP, structural differences between CRP Mt and CRP were also indicated by trypsin digestion experiments. Whereas cAMP binding opens up the CRP molecule, making it more vulnerable to proteolytic cleavage (35) , cAMP binding decreased CRP Mt 's sensitivity to trypsin digestion. This suggests that the overall topologies of these two proteins differ, at least when bound to cAMP, and this may have functional implications.
CRP Mt bears some similarity to CRP*, in that CRP Mt does not require cAMP for specific DNA binding in vitro, although the presence of cAMP did enhance CRP Mt 's DNA binding ability. Native E. coli CRP requires a cAMP-dependent conformational change to bind DNA specifically and function as a transcriptional regulator. However, mutant crp* alleles encode cAMP-independent proteins that are functionally active in vitro and in vivo in the absence of cAMP (2, 6) . In addition, both CRP* and CRP Mt are highly susceptible to proteolysis in the absence of cAMP but are protected from cleavage when bound to cAMP (28, 52) . In contrast, unliganded CRP is resistant to digestion but is easily degraded when in complex with cAMP. CRP Mt 's interaction with cAMP during gene regulation remains to be explored in vivo.
It was recently reported that CRP Mt was not functional in E. coli (65) , and we have made similar observations (G. Bai and K. A. McDonough, unpublished). Such interspecies functional studies can be difficult to interpret. For example, the P. aeruginosa vfr gene product, a homolog of E. coli CRP, complements the ␤-galactosidase-and tryptophanase-deficient phenotypes of an E. coli crp mutant (69), but the E. coli crp gene does not complement the vfr mutation. These results have been interpreted as a failure of CRP to interact properly with P. aeruginosa RNA polymerase. We hypothesize that functional interactions of CRP Mt may be restricted to mycobacterial RNA polymerase, and this warrants further investigation.
Despite its apparent functional similarity with CRP, the regulation of CRP Mt expression differs from that of CRP and does not appear to be autoregulatory. M. tuberculosis crp does not contain a CRP Mt motif in its upstream intergenic region, and its intergenic sequences failed to bind CRP Mt in EMSA (data not shown). In addition, the mechanism of crp (1, 27, 48) and vfr (56) autoregulation involves competitive expression of a divergently transcribed gene, and there is no divergent open reading frame annotated upstream of M. tuberculosis crp (http://genolist.pasteur.fr). We expect that the regulation of M. tuberculosis crp will be an interesting area of future investigation.
In summary, DNA binding sites of CRP Mt were identified by multiple approaches, including genome-scale experimental and computational approaches. We identified a palindromic DNA motif with similarity to the E. coli CRP binding motif and predicted a CRP Mt regulon containing ϳ114 genes. The interaction of CRP Mt with cAMP and specific DNA binding sites was experimentally confirmed, providing the first direct evidence for cAMP interaction with a transcription factor in M. tuberculosis. These results indicate an important role for cAMP signal transduction during global gene regulation in M. tuberculosis. Future studies of cAMP-mediated gene regulation are likely to contribute to an understanding of M. tuberculosis's response to the host environment during infection.
